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ABSTRACT 

The MATal gene encodes a transcriptional repres- 
sor that is an important modulator of sex-specific 
gene expression in Saccharomyces cerevisiae. 
MATal contains two small introns, both of which 
need to be accurately excised for proper expression 
of a functional MATal product and to avoid produc- 
tion of aberrant forms of the repressor. Here, we 
show that unspliced and partially spliced forms of 
the MATal mRNA are degraded by the nuclear 
exonuclease Ratlp, the nuclear exosome and by 
the nuclear RNase III endonuclease Rntlp to 
prevent undesired expression of non-functional a1 
proteins. In addition, we show that mis-spliced 
forms of MATal in which the splicing machinery 
has skipped exon2 and generated exon1-exon3 
products are degraded by the nuclear 5-3 exo- 
nuclease Ratlp and by the nuclear exosome. This 
function for Ratlp and the nuclear exosome in the 
degradation of exon-skipped products is also 
observed for three other genes that contain two 
introns [DYN2, SUS1, YOS1), identifying a novel 
nuclear quality control pathway for aberrantly 
spliced RNAs that have skipped exons. 

INTRODUCTION 

The protein product of the MATal gene in Saccharomyces 
cerevisiae, also called 'al', is a transcriptional regulator, 
and, together with the alpha2 protein, specifically acts to 
repress the expression of haploid-specific genes as well as 
the HO gene in wild-type diploid cells (1). Both of these 
proteins are also normally expressed in their respective 
haploid cells, under the haploid-specific transcriptional 
program for either MATa or MATalpha cells 



(Figure 1A). MATal has not been shown to have a 
specific function in haploid MATa cells (although it is 
expressed constitutively), but is thought to play a role in 
the expression of mating pheromones (2). On the other 
hand, alpha2 represses MA 7a-specific gene expression in 
MATa cells. In the case of diploid cells, these two 
homeodomain containing proteins heterodimerize and 
bind DNA cooperatively in order to repress the 
haploid-specific transcriptional program (3). MATal 
contains a homeodomain region between residues 66 and 
126, which is important for al biological function. 
Structural studies have shown that within the al protein, 
Helices 1 and 2 of the homeodomain are important for 
maintaining contact with alpha2, whereas Helix 3 is 
important for mediating interactions with DNA (4). 
While al alone does not display any sequence specific 
DNA binding properties, the al-alpha2 heterodimer has 
3000-fold increase in sequence recognition when 
compared to alpha2 alone (5,6). 

The gene encoding MATal is unusual, as it is one of the 
few 5. cerevisiae genes containing two introns (7-9) 
(Figure 1A). In addition, these introns are smaller than 
most S. cerevisiae introns. Because exon3 is also small, 
previous studies have shown that partially spliced 
MATal mRNAs that have excised intron 1 but retain 
intron2 have the potential to encode a protein which is 
actually longer than the wild-type version and is inactive 
(8). Thus, it is important that the splicing of MATal 
occurs accurately, in order to prevent the accumulation 
of unspliced or partially spliced forms that would be 
non-functional. In this study, we show that unspliced 
and partially spliced forms of MATal are degraded by 
nuclear RNA turnover pathways. In addition, we demon- 
strate the existence of a novel RNA degradation mechan- 
ism that specifically targets exon2 skipped products of 
MATal and of three other genes that contain two 
introns (DYN2, SUS1, YOS1). These studies show that 
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Figure 1. Architecture of the MAT locus, analysis of MATal expression in Rntlp mutant strains and cleavage by Rntlp. (A) Schematic represen- 
tation of gene structures at the MATa and M/lTalpha loci. (B) Northern blot analysis of MATaX expression in wild-type and mtlA strains in the 
SKI background. 2N indicate diploid cells. (C) In vitro cleavage of a model MATaX substrate by recombinant Rntlp. Shown is a primer extension 
analysis of RNAs incubated in buffer or with recombinant Rntlp. A sequencing ladder was obtained using the same oligonucleotide. 1 and 2 indicate 
the location of the major cleavage products. No other cleavage products were observed in the central portion of the gel which is not shown. 
(D) Predicted Rntlp stem-loop structure. Shown are the locations of the cleavage sites mapped in vitro (panel C) or in vivo (panel E). (E) RT-PCR 
analysis of Rntlp cleavage intermediates. RNAs presenting a 5' -phosphate group from the corresponding strains were ligated to an adaptor RNA, 
amplified using a MATaX -specific reverse primer and an adaptor forward primer, and fractionated on an acrylamide gel. 



the splicing of MATal is relatively inefficient, and 
that nuclear degradation mechanisms have evolved 
to limit the accumulation of mRNAs that have escaped 
the splicing machinery or that have been aberrantly 
spliced. 

MATERIALS AND METHODS 

Yeast strains and media 

Strains of mating type-a (MATa) were utilized, unless 
otherwise indicated. Yeast strains were grown at 30° C 
until mid-log phase (OD600 = 0.4-0.6), in YPD medium 
unless indicated otherwise. The majority of the strains 
used in this study were in the BMA64 (10) or BY4741 
(Open Biosystems) backgrounds and were described 



previously (11,12). The SKI (13) derived strains used in 
this study were: 

KBY257 (n) MATa, wild-type; KBY258 (n) MATa, 
wild-type; KBY257 (n) rntlr.HIS; KBY258 (n) 
rntl::TRP; KBY (2n) rntl::HIS, RNT1; KBY (2n) 
rntlr.TRP, RNT1\ KBY (2n) RNT1, RNT1; KBY 
(2n) rntlr.HIS rntlr.TRP. SKI strains were grown in 
30°C at steady state. The xrnlAv.URA rcttl-1 (MATa) 
strain was obtained from the Tollervey Lab (14), and 
was grown at 25° C until mid-log phase, and then shifted 
to 37°C for 3h utilizing pre-warmed media. For gener- 
ation of the rntlwKAN replacement in the xmlA ratl-1 
strain, PCR-based disruption of the RNT1 gene was per- 
formed as described in Longtine et al. (15) through the 
amplification of the KAN R marker. 
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RNA analysis 

The list of oligonucleotides used in this study is provided 
in Supplementary Table SI. Templates for in vitro RNA 
transcription were obtained through PCR amplification 
of MATal sequences and incorporating a T3 RNA 
Polymerase promoter sequence at their 5'-ends. In vitro 
transcription was performed using the T3 MEGAScript 
or MAXIScript kits (Applied Biosystems/Ambion), and 
the resulting RNAs were purified through phenol: :chloro- 
form extraction, and checked on both native and 
denaturing gels prior to further experimentation. In vitro 
cleavage assays with purified recombinant His6-Rntlp 
were carried out generally as described (16). Primer exten- 
sion on cleaved in vitro transcribed RNAs for mapping 
cleavage sites was performed as described (16). 

Total RNA extraction from yeast under denaturing 
conditions and subsequent northern blotting analysis 
were performed as described (16). Detection of RNA 
species on northern blots was performed using either 
5'-labeled oligonucleotides, PCR probes, or riboprobes. 
Riboprobes were generated using the T3 MAXI kit 
(Applied Biosciences/Ambion) and hybridized to mem- 
branes as described (17). 

Primer extension on total RNAs was performed as in 
(11,18) using 5-10 ug of denatured total RNA. The 
various primers used for reverse transcription and PCR 
amplification are listed in Supplementary Table SI. An 
amount of 40 ug of total RNA were digested with 
Ambion RNase-free Turbo DNase (8 U enzyme) for 
45 min at 37°C in 200 id. The reaction was phenol-chloro- 
form extracted with equal volume organic and 
ethanol-precipitated. The digested RNA was then resus- 
pended in 20 ul water and quantitated. An amount of 5 ug 
of DNase treated RNA was combined with 0.4 ul (25 mM 
each) dNTPs and 1 ul of 50 ng/ul random primer mix to a 
total volume of 12 ul. The mixture was heated to 65°C for 
5 min, followed by placing on ice for 2 min. This cooled 
mixture was combined with Invitrogen RNaseOUT (40 U) 
and Invitrogen M-MLV Reverse Transcriptase (200 U). 
RT reaction was left at 25°C for 10 min, followed by 
42°C incubation for 50 min. The reaction was terminated 
by heating at 85°C for 5 min. PCR reactions included 
1.5 ul of this reaction, 500 nM Cy3 forward and reverse 
primers, and were incubated at 95°C for 3 min, 35 cycles of 
(30 s at, 95°C, 30 s at 58°C, 30 s at 72°C), and a final in- 
cubation at 72°C for 3 min. Equal volumes of RT-PCR 
products were combined with 95% formamide/dye 
mixture and denatured at 95°C for 10 min. This mixture 
was then loaded onto a 5% denaturing acrylamide gel 
(lx TBE). Gels were dried prior to scanning on a 
Molecular Imager FX System. Poly(A) enrichment of 
total RNAs was performed using the Ambion poly(A) 
purist MAG kits as described (12). 

Amplification of cleavage products and sequencing 
analysis 

For the adaptor ligation of cleavage products carrying 
5'-phosphate groups, an adaptor RNA was purchased 
from Dharmacon. Total RNAs from various strains 
were ligated with the adaptor RNA on their 5'-phosphate 



ends, reverse transcribed using the E3 REV primer, and 
amplified by PCR. The primer pair for the PCR consisted 
of a primer that was the DNA version of the adaptor 
sequence, and the E3 Rev primer. 

RESULTS 

Accumulation of MA Tal transcripts in rntlA cells 

Previous microarray analysis of the transcriptome of cells 
lacking the double-stranded RNA endonuclease Rntlp 
revealed that Rntlp triggers the degradation of mRNAs 
involved in iron uptake and homeostasis as well as two 
unspliced pre-mRNAs, RPS22B and RPL18A (16,19). To 
investigate if Rntlp targets additional unspliced precur- 
sors for degradation, we mined these microarrays to 
search for additional intron-containing transcripts which 
would be subject to Rntlp-mediated degradation. Such 
transcripts are more abundant in cells lacking Rntlp 
activity because the absence of Rntlp-mediated nuclear 
degradation of the unspliced pre-mRNA prevents compe- 
tition with splicing, and increases the pool of RNA sub- 
strates directed towards the splicing pathway. These 
microarrays showed that the MATal mRNA was 
expressed at higher levels in the rntlA strain compared 
to wild-type. In order to confirm the microarray data, 
we analyzed MATal expression in wild-type and rntlA 
cells in both MATa and MATalpha mating types in the 
SKI background strain. This strain is frequently used to 
study events of meiosis and sporulation due to the fast and 
effective sporulation properties of their diploids (13). 
Northern analysis showed that the MATal mRNA 
accumulated at least four times more in rntlA cells than 
in wild-type cells (Figure IB). In the case of Mv47alpha 
cells, no MATal signal was detected for either wild-type 
or rntlA cells, which showed that the accumulation of 
MATal in the rntlA strain was not due to a derepression 
of the silent mating- type locus HMRa-l. The MATal 
transcript was also three times more abundant in the 
diploid rntlA A strain than in the isogenic wild-type 
diploid cells or heterozygous strains (Figure IB). 
Agarose northern blots, such as the ones shown in 
Figure 1 were not able to separate unspliced precursors 
from spliced mRNAs, because of the small size of MATal 
introns. As shown below, the accumulating MATal in 
rntlA cells seemed to result from at least two separate 
products, one being the mature mRNA, and the other 
possibly the unspliced, or a partially spliced versions of 
the transcript. 

Rntlp cleaves a non-canonical stem-loop structure that 
encompasses the 5' -splice site of intron2 

The previous experiments suggested that Rntlp might 
cleave the MATal precursor transcript to eliminate 
unspliced species. To further test this hypothesis we 
generated an in vitro transcript containing the MATal 
exons and introns, and incubated it with recombinant 
Rntlp or with buffer alone. We found two major 
cleavage sites for Rntlp in this model MATal transcript 
(Figure 1C). The first one (#1, Figure 1C) did not match to 
any specific structure. However, the second major site 
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(#2, Figure 1 C) corresponded to a sequence on a predicted 
stem-loop structure, which bridges the second exon and 
the second intron and contains the 5'-splice site of the 
second intron (Figure ID). The location of this cleavage 
site fits well with the properties of Rntlp, which has been 
shown to cleave 14- to 16-bp away from terminal loops 
(20). However, the terminal loop found in this predicted 
structure is not a canonical AGNN tetraloop, which 
Rntlp has been shown to bind and recognize (20,21). 
Instead, a 7-nt loop containing the AGNN motif is 
present (Figure ID). 

To detect a corresponding Rntlp cleavage product 
in vivo, we used a linker-mediated RT-PCR technique, 
which allows the detection of RNase III cleavage 
products by taking advantage of the 5'-phosphate 
groups generated by RNase III cleavage, a strategy 
similar to the RNA adapter ligation methods used in 
5'-RACE and miRNA cloning kits (Ambion). These 
cleavage products are normally unstable because they 
are rapidly degraded but inactivation of the Xrnlp and 
Ratlp 5'— 3' exonucleases allows their detection (14,16,18). 
Using this technique, we detected small amounts of a 
specific product in wild-type cells, the abundance of 
which was largely increased in an xrnlAratl-lstram 
(Figure IE). This product was completely undetectable 
in samples extracted from a rntlA strain, further suggest- 
ing that it corresponds to a Rntlp cleavage product. 
Precise sizing analysis of this product showed that the 
adaptor was ligated to a sequence corresponding to the 
3'-side of the predicted stem-loop (Figure ID; in vivo 
arrow). This sequence was found to be directly opposite 
to the site where the cleavage product was detected in vitro 
(Figure 1C). Thus, the in vitro cleavage and in vivo 
mapping experiments results fit well to demonstrate that 
Rntlp cleaves a structure within the MATal transcript 
that bridges the second exon and the second intron. 

Accumulation of MA Tal transcripts in nuclear RNA 
degradation mutants 

Previous studies had shown that degradation of unspliced 
species of RPS22B relies on Rntlp, but also on the action 
of the 5'-3' exonucleases Xrnlp and Ratlp (16). To 
further investigate the mechanisms of degradation of 
MATal transcripts, we analyzed its expression in a 
panel of RNA degradation mutants. This included the 
ratl-1 strain, in which Ratlp is inactivated using a 
thermosensitive allele (14), the xmlA strain, which 
carries a deletion of the gene encoding the cytoplasmic 
Xrnlp exonuclease, and the rrp6A strain containing a 
deletion of the nuclear exosome component Rrp6p. The 
rntlA strain was included for comparison. We also 
analyzed MATal levels in a combination of double or 
triple mutant strains (Figure 2). Northern analysis of 
MATal expression in the xrnlA ratl-1 strain showed an 
increase of MATal transcripts at permissive temperature 
(Figure 2A), which was slightly lower than the accumula- 
tion observed in the rntlA strain. However when this 
strain was combined with the rntlA deletion, we 
observed a dramatic accumulation of signal in the 
amount of MATal transcripts. Interestingly, we also 



observed a large increase of MATal signal in the 
rntlArrp6A strain at 25°C, as well as in the triple mutant 
combining the rrp6A deletion to the xrnlA ratl-1 strain. 
The RNA species detected for MATal in the xrnlA strain 
migrate slightly faster than those detected in the other 
strains, possibly because they correspond to deadenylated 
forms. 

When these strains were shifted to 37°C, we observed a 
very strong accumulation of MATal transcripts in the 
xrnlA ratl-1 strain, which was comparable to that 
observed in the rntlA strain grown in the same conditions. 
We also observed an increase of signal in the rntlA strain 
compared to 25° C. The combination of these mutants 
with other mutations did not result in an increase of 
signal, suggesting that Rntlp and Ratlp play a major 
role in the degradation of MATal transcripts when these 
strains are shifted to 37°C. Because of the small size of 
MATal introns, the poor resolution of spliced and 
unspliced species in agarose northern blots prevented us 
from concluding whether the mature MATal or unspliced 
species are the predominant species accumulating in RNA 
degradation mutants, or if an accumulation of both con- 
tribute to the large increase of signal. To investigate if 
unspliced MATal transcripts contribute to the increase 
of signal observed in Figure 2A for the different mutant 
strains, we tried to hybridize membranes with probes 
specific to intronic sequences. This proved to be 
challenging, since the small size of each MATal intron 
(54 and 52 nt) made the use of riboprobes or random 
primed probes impractical. In addition the low complexity 
of MATal intronic sequences made it difficult to design 
oligonucleotide probes. However one sequence in intron2 
allowed us to detect unspliced and/or partially spliced 
species of MATal containing intron2 (Figure 2B). This 
probe detected the accumulation of unspliced species in 
the rntlA strain at 25°C, which was further increased in 
the xrnlA ratl-lrntlA triple mutant strain. When shifted 
to 37° C, we also observed a stronger intronic signal in the 
rntlA strain, and in the xrnlA ratl-1 strain and in its 
derivatives (Figure 2B). This result suggested that 
Rntlp, as well as Ratlp contribute to degrading unspliced 
species of MATal. Based on the comparison of the 
patterns observed in Figure 2A and B, it is likely that 
the large increase in signal observed for the various deg- 
radation mutants is the result of an increase in both 
unspliced and spliced species of MATal. 

Analysis of MATal expression by RT-PCR confirms the 
accumulation of unspliced forms of MATal in Rntlp and 
Ratlp-deficient cells 

The previous data suggested that cleavage of the MATal 
pre-mRNA transcript by Rntlp would initiate degrad- 
ation of unspliced or partially spliced transcripts that 
still retain intron2, and also revealed a role for nuclear 
degradation by Ratlp and the nuclear exosome in 
eliminating these species. However, it was difficult to 
fully characterize the different RNAs accumulating in 
the various strains by northern blot because of their rela- 
tively low abundance, their poor resolution and the diffi- 
culty to use intron specific probes. To circumvent these 
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problems, we analyzed MATal expression in all strains 
by RT-PCR (Figure 3A). This analysis confirmed the 
accumulation of fully unspliced and partially spliced 
transcripts still retaining intron 2 in the rntlA strain 
(Figure 3A). We did not observe by RT-PCR the higher 
levels of spliced MATal mRNAs in the rntlA strain 
detected by northern blots in Figures 1 and 2. We 
hypothesized that the number of PCR cycles used to 
detect unspliced species led to a saturation of the signal 
for the spliced mRNA in these experiments. Using a 
smaller number of PCR cycles, we were able to confirm 
higher levels of spliced mRNAs in the rntlA strain 
compared to the wild-type (Figure SI). In addition, we 
also detected the higher abundance of the spliced 
mRNAs in the rntlA strain by primer extension analysis 
using an exon3 specific primer (Figure 3B). Collectively, 
these results confirm the higher accumulation of spliced 
MATal mRNAs in the rntlA strain and show that Rntlp 
cleavage competes with splicing, explaining the increased 
abundance of spliced MATal in the absence of Rntlp. 

This technique also allowed us to investigate which exo- 
nucleases contribute to the degradation of the unspliced or 
partially spliced MATal transcripts. The largest effect was 
observed upon inactivation of the nuclear exosome 



at 25°C, and of Ratlp in the ratl-1 strain or in the 
xrnlA ratl-1 strain at 37°C. The two species that accumu- 
late specifically upon a shift to non-permissive tempera- 
ture in the xrnlA ratl-1 strain could also be detected by 
primer extension analysis using an exon3 (Figure 3B) or 
an intron2 specific primer (Figure 3C), suggesting that 
they corresponded to fully unspliced and partially 
spliced species still containing intron2. Sequencing of the 
RT-PCR products confirmed the identity of these species 
(data not shown). No accumulation of unspliced or par- 
tially spliced species was observed upon inactivation of 
Xrnlp (Figure 3 A) or of Upflp (Figure S2A), showing 
that in contrast to many yeast pre-mRNAs (17), unspliced 
and partially spliced species of MATal are not targeted by 
nonsense-mediated decay (NMD). In addition, inactiva- 
tion of Xrnlp in the ratl-1 strain did not result in a 
major increase of unspliced pre-mRNAs compared to 
the ratl-1 stain alone, showing that Ratlp is primarily 
responsible for the degradation of unspliced and partially 
spliced MATal transcripts. We also found that inactiva- 
tion of the nuclear exosome in the rntlA strain led to an 
increase of unspliced pre-mRNA, showing that the 
nuclear exosome can cooperate with Rntlp in discarding 
unspliced or incompletely spliced MATal species. Overall 
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these results show that at least three different nuclear 
RNA degradation systems can affect unspliced or incom- 
pletely spliced MATal transcripts: Rntlp, Ratlp and the 
nuclear exosome. 

Exon2-skipped species of MA Tal and of other genes 
containing two introns accumulate in the ratl-1 and 
rrp6A strains 

Using the RT-PCR approach described above, we 
detected a new short molecular weight species migrating 
faster than fully spliced mRNA, which accumulated spe- 
cifically in nuclear RNA degradation mutants (Figure 3A, 
bottom panels). This species accumulated most abundant- 
ly at 25°C in the rntlA strain (Figure 3A and 
Supplementary Figure SI A). When shifted to 37° C, this 
species was found predominantly in the ratl-1 strain, and 
in the rrp6A strain, or in double or triple mutants in which 
Ratlp is inactivated (Figure 3A). Sequencing of this 



product (not shown) revealed that it corresponds to a 
spliced mRNA in which exon 2 was skipped and where 
exon 1 was spliced directly to exon 3. This result suggested 
that these exon2-skipped species are preferentially 
targeted for degradation by nuclear exonucleases. We 
did not detect any accumulation of the exon skipped 
species in a strain carrying a single deletion of XRN1, or 
in the upflA strain (Supplementary Figure S2A), showing 
that it is not subjected to nonsense-mediated mRNA 
decay, despite its lack of extended open-reading frame. 

The accumulation of the exon2-skipped species in the 
rntlA strain at 25°C is unlikely to reflect a direct degrad- 
ation function for Rntlp, since the predicted target stem- 
loop structure is absent in this product. To further test this 
hypothesis, we overexpressed Rntlp or a catalytically 
inactive mutant derivative in the ratl-1 strain in order to 
investigate whether Rntlp overexpression could decrease 
the levels of the exon2-skipped species that accumulate in 
the absence of Ratlp activity. The results shown in 
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Supplementary Figure S3 show that overexpression of 
Rntlp does not change the accumulation of 
exon2-skipped species in the context of the ratl-1 strain. 
Thus, it is unlikely that Rntlp directly cleaves these 
species. Rather, we favor a model in which Rntlp 
cleavage decreases the fraction of precursors that can 
fold in a conformation that favors the skipping of exon2 
(see 'Discussion' section). 

Ratlp has been shown to promote transcription termin- 
ation of RNA polymerase II, both in downstream regions 
(22) and within the body of genes (23). Association of 
Ratlp with Railp promotes this function, and strains 
lacking Railp are also deficient in transcription termin- 
ation (22). To investigate if accumulation of the 
exon2-skipped species in the ratl-1 strain is an indirect 
consequence of a transcription termination defect, we 
assessed exon2-skipped species levels in railA cells. In 
contrast to the ratl-1 control, we were unable to detect 
any accumulation of the exon2-skipped species in samples 
extracted from the railA strain (Supplementary Figure 
S2B). We conclude that the accumulation of 
exon2-skipped species is unlikely to result from indirect 
transcription termination defects, but more likely to a 
lack of degradation by Ratlp. 

To further characterize why unspliced and exon2 
skipped species are preferentially targeted by Ratlp, we 
investigated whether a lack of polyadenylation would 
potentially impair their export to the cytoplasm, making 
them more susceptible to degradation by this nuclear exo- 
nuclease. We purified the polyadenylated fraction of 
RNAs from yeast total RNAs using oligo-dT affinity, 
and analyzed the enrichment of the different MATal tran- 
scripts in the poly(A)+ fractions (Supplementary Figure 
S2C). Interestingly, both the various unspliced species and 
the exon2-skipped species were found in the poly(A)+ 
fractions of the ratl-1 strain, suggesting that these 
species are correctly polyadenylated. This result suggests 
that a lack of polyadenylation is not the reason why these 
species are preferentially targeted by Ratlp. 

The previous data showed that Ratlp and the nuclear 
exosome degrade transcripts resulting from mis-splicing 
events in which the spliceosome had skipped the central 
exon of MATal. To investigate if this effect is specific to 
MATal or can be extended to other genes, we analyzed 
the expression of other genes containing two introns 
(DYN2, SUS1, YOS1) in the ratl-1 and rrp6A strains by 
RT-PCR. First, we found various unspliced species 
accumulating in the ratl-1 and rrp6A strains (Figure 4), 
showing that these unspliced RNAs are degraded by 
Ratlp and the nuclear exosome, as shown above for 
MATal and in previous studies for other intron contain- 
ing genes (24). Figure 4 also shows that an increase of 
exon2-skipped species of SUS1, YOS1 and DYN2 could 
be detected at permissive temperature (25° C) in the rrp6A 
strain. After a shift to 37°C, we also observed a higher 
accumulation of these exon-skipped species in the ratl-1 
and rrp6A strains. These results show that exon2-skipped 
species of several genes accumulate to higher levels when 
the activity of nuclear exonucleases is disrupted, suggest- 
ing that the degradation of these exon skipped species is 
under the control of nuclear RNA surveillance. 
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Figure 4. Analysis of exon2 skipping for the DYN2, SUS1 and YOS1 
genes in the ratl-1 and rrp6A strains. All panels show RT-PCR 
products obtained using a Cy3-labeled exonl primer and an unlabeled 
exon3-primer specific for the corresponding genes in the strains grown 
at the indicated temperatures. The exon2-skipped products (shown on 
the bottom panels) were detected on the same gels as the spliced and 
unspliced species but that portion of the gel was scanned separately to 
increase the signal to noise ratio. No other species were detected in the 
portions of the gel that are not shown. 



DISCUSSION 

In this study, we used a genetic analysis to investigate the 
mechanisms of degradation that target the different RNAs 
produced by the MATal gene. We found that the 
unspliced pre-mRNA, as well as a partially spliced 
version of MATal that retains intron2 are degraded by 
Rntlp, Ratlp and by the nuclear exosome (Figure 3A). As 
shown previously for the RPS22B gene (16), Rntlp 
cleavage probably competes with splicing of the 
pre-mRNA, which explains the increase of abundance of 
the MATal mRNA in strains lacking Rntlp (Figures 1 
and 2; Supplementary Figure SI). We note that the 
terminal loop of the stem-loop structure cleaved by 
Rntlp might not be optimal, since it contains the 
AGNN motif but is a 7-nt loop (Figure ID) instead of 
the canonical tetraloop motif (20,25). This suboptimal 
structure might explain why Ratlp is the major 
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degradative activity that targets unspliced MATal 
pre-mRNAs, rather than Rntlp. 

We have postulated that the increased abundance of 
unspliced and partially spliced species in RNA degrad- 
ation mutants reflect their stabilization. Because these 
species do not accumulate to significant levels in 
wild-type cells, we were unable to compare their 
turnover rates and to estimate their stability in the differ- 
ent backgrounds. Thus, we cannot formally rule out the 
possibility that the splicing efficiency of MATal is 
influenced by the disruption of degradative activities. 
For example, it was shown recently that RNA degrad- 
ation complexes can modulate the rate of other steps in 
gene expression such as transcriptional elongation (26), 
and the rate of elongation might affect splicing efficiency. 
While we cannot formally exclude the possibility of 
indirect effect for exonuclease mutants, the observation 
that spliced MATal mRNA levels increase in the 
absence of Rntlp is consistent with a direct role for 
Rntlp in cleaving unspliced mRNAs and a model suggest- 
ing that Rntlp cleavage competes with splicing of the 
pre-mRNA (Figure 5A). 

As opposed to many yeast pre-mRNAs (17), unspliced 
MATal transcripts are not subject to nonsense-mediated 
mRNA decay (Supplementary Figure S2A), but rely 
mostly on nuclear degradation pathways. It is possible 
that these species are not exported very fast, and thus 
rely mostly on nuclear degradation, as described previous- 
ly for other genes (24) and for the D YN2, SUS1 and YOS1 
genes (Figure 4). Regardless of the reason why MATal 
seem to rely on nuclear degradation, our results show that 
the splicing of MATal might be suboptimal. This relative 
inefficient splicing might be caused by the small size of its 
introns (~50nt), which are smaller than most 5. cerevisiae 
introns. In addition, folding of the stem-loop structure 
that sequesters the 5'-splice site of intron2 and prevents 
Ul snRNP binding (Figure 5A) might also explain the 
inefficiency of intron2 splicing and why species containing 
this intron are detected in ribonuclease mutants. Thus, 
nuclear degradation mechanisms have been selected to 
limit the accumulation of mRNAs that have escaped the 
splicing machinery, and also to prevent their expression in 
the cytoplasm as unfunctional proteins. 

Role of the partially spliced MATal pre-mRNA 
encoding al' 

In contrast to most intron containing genes, some partially 
spliced species of MATal encode proteins that do not 
correspond to truncated forms of the normal protein 
(Figure 5B). The partially spliced MATal mRNA 
species that accumulates in Rntlp and Ratlp-deficient 
strains had been previously analyzed in splicing mutants 
(9) and further studied by Ner and Smith (8) via experi- 
ments on branch point mutants. In this study, it was first 
tested whether the protein encoded by the MATal tran- 
script including Intron2 (termed al') could have a bio- 
logical role and work together with mature al. This 
partially spliced transcript would encode a protein that 
is different and longer than mature al, especially in the 
C-terminal domain (Figure 5). The C-terminal domain of 
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Figure 5. Nuclear RNA quality control discards incompletely or aber- 
rantly spliced forms of MATal that result in aberrant al isoforms. 

(A) Model of degradation of unspliced, partially spliced and mis-spliced 
forms of MATal by Rntlp, Ratlp and the nuclear exosome. 

(B) Diagram of the different isoforms of al encoded by the different 
unspliced, partially spliced and mis-spliced forms of MATal. 



al is where DNA-binding occurs through Helix 3 when in 
complex with alpha2. Interactions with alpha2 occur 
between Helices 1 and 2 and are unaffected in al' based 
on primary sequence and structural analysis (27) (PDB 
code: 1F43). Specific residues on al that are important 
for contacting DNA are five residues within Helix 3 (4). 
In their study, Ner and Smith suggested that the al' 
protein does not have any biological role, as it is unable 
to rescue al deficiency (8). However this protein might 
potentially act as a dominant negative inhibitor, explain- 
ing the requirement to limit its accumulation through the 
degradation of the mRNA encoding this isoform. 

Although constitutively expressed in cells of the 'a' 
mating-type as a part of the haploid MATa transcriptional 
program, the al protein has not yet been characterized to 
have a direct function in these cells (28,29). In diploid 
cells, this protein combines with the alpha2 protein in 
order to repress haploid-specific gene expression. In this 
study, we have assessed the role of Ratlp and Rntlp in 
regulation of the MATal transcript in haploid cells. Rntlp 
is already known to have important roles in cell-cycle 
regulation and cell division (30), and is a crucial enzyme 
for correct processing of numerous non-coding RNAs as 
well as degradation of mRNAs. Our microarray data 



Nucleic Acids Research, 2012, Vol. 40, No. 4 1 795 



show that one of the genes that are considerably 
down-regulated (—12.3-fold) in mtlA cells encodes HO, 
the mating-type switching endonuclease gene that is 
known to be repressed in diploids by the al and alpha2 
heterodimer (31,32). Considering the accumulation of 
mature MATal in mtlA strains, as well as partially 
unspliced forms, one hypothesis is that the excess of al 
could associate with the a2 protein, which has many 
sequence similarities to alpha2, to act in repressing HO 
even within haploid cells. Further experiments are 
required to prove this model. 

A novel RNA surveillance mechanism to degrade 
exon-skipped species 

Strikingly, we also found that incorrectly spliced mRNAs 
are generated from the MATal locus, in which the exon2 
is skipped and exonl is spliced to exon3. These species are 
preferentially degraded by Ratlp and the nuclear 
exosome, but they also accumulate in the absence of 
Rntlp. This suggests that formation of the target stem- 
loop structure that bridges exon2 and intron2 favors 
exon2 skipping for the transcripts that have folded in 
this structure (Figure 5A). Formation of this structure 
would sequester the 5'-splice site of intron2 from Ul 
snRNP binding, promoting a direct splicing of exonl to 
exon3 (Figures ID and 5A). Thus the increase of 
exon-skipped species in the rntlA strain (Figure 3A and 
Supplementary Figure SI A) might not be due to the fact 
that Rntlp directly contributes to degrading exon skipped 
species, but rather because it eliminates a fraction of the 
pre-mRNAs which have folded in a manner that promotes 
the skipping of exon 2 (Figure 5A). In contrast, our data 
suggest that Ratlp and the nuclear exosome are directly 
responsible for degrading these exon-skipped species. 
Strikingly, we found that exon2-skipped species of other 
genes that contain two introns also accumulate when 
Ratlp or the nuclear exosome are inactivated (Figure 4). 
This suggests that nuclear RNA degradation plays a 
general role in degrading species that have been incorrect- 
ly spliced. This type of event is favored by the small size of 
central exons in yeast, facilitating the recognition of the 
downstream 3'-splice site in intron2, rather than the 
correct 3'-splice site of intronl. 

We presumed that the increased abundance of the 
exon2-skipped products when Ratlp or the nuclear 
exosome are inactivated reflects their stabilization. 
However, we cannot formally exclude the possibility that 
inactivation of Ratlp or of the nuclear exosome indirectly 
affects splicing, and that this change of splicing efficiency 
is responsible for an increased rate of exon skipping. For 
instance, the accumulation of this product might reflect 
functions for Ratlp other than direct degradation, such 
as promoting transcriptional termination within coding 
regions (23). Inactivation of Ratlp results in a faster 
RNA polymerase, and it is known that a faster rate of 
elongation promotes exon skipping as shown in mamma- 
lian cells. However, ^/1/7-dencient cells that are also 
deficient in termination (22) do not exhibit an accumula- 
tion of the exon2-skipped species. This suggests that 



accumulation of the exon2-skipped species is likely due 
to its lack of degradation. 

It remains to be understood why these exon-skipped 
species are preferentially targeted by Ratlp or the 
nuclear exosome in the nucleus, and not by nonsense- 
mediated decay. Since Ratlp associates co- 
transcriptionally with the RNA polymerase (22), it is 
possible that it acts non-discriminately on non-capped 
RNAs, and that exon-skipped species are particularly 
prone to Ratlp-mediated degradation. Inactivation of 
Xrnlp, the general cytoplasmic exo nuclease involved in 
NMD does not increase the amount of exon2 skipped 
species, even when Ratlp is inactivated (Figure 3A). This 
suggests that these exon2 skipped species are not exported 
to the cytoplasm but are retained in the nucleus. This 
would explain why these exon-skipped species are also 
affected by the nuclear exosome. Regardless of the 
precise mechanism of nuclear retention, the finding that 
this nuclear RNA degradation pathway targets species 
that are incorrectly spliced underscores the importance of 
nuclear RNA surveillance in the quality control of gene 
expression and identify a novel mechanism of RNA sur- 
veillance for incorrect splicing. 
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